Two experiments were conducted to determine the effect of adding an exogenous protease to corn-, soybean meal-, and meat and bone meal-based broiler diets. In the first experiment, 1,764 male Ross 308 broiler chicks were placed in 63 floor pens, with 28 birds per pen. There were 7 treatments, with 9 replicates each, fed in the starter (d 1 to 21) and grower (d 22 to 40) phases. The dietary treatments were a positive control, formulated with 3,050 and 3,150 kcal of ME/ kg and 22.5 and 20% CP in the starter and grower phases, respectively, and a negative control, formulated with a 4.4% reduction in ME and CP as compared with the positive control diets. A mono-component protease (75,000 protease/g) was added to the negative control diets at 0, 100, 200, 400, 800, and 1,600 ppm of feed. Broilers fed the positive control diet grew better and had a better feed-to-gain ratio (FE) than did those fed the negative control diets, regardless of enzyme supplementation. Protease supplementation had no effect on BW; however, FE was improved in a quadratic manner as protease was increased. In experiment 2, a factorial arrangement of 2 protein (7% difference in CP), 2 energy (3% difference in ME), and 2 protease (0 and 200 ppm) concentrations was used, resulting in 8 treatments replicated 11 times (22 male Cobb 500 broilers per replicate). No 3-way interactions were observed for live performance measures. Broilers fed the high-protein and high-energy diets performed better (P ≤ 0.01) than those fed the low-protein and low-energy diets. Protease supplementation improved FE as well as digestibilities of fat and CP (P ≤ 0.01), regardless of dietary protein or energy concentration. The protease used in these studies improved FE and dietary determined AME values as well as dietary CP and fat digestibility values.
ongoing for decades; however, commercial use of enzymes is more recent. The practical use of phytase in chicken diets is well established, and interest in research on and use of enzymes targeting other substrates has increased.
Most commercial enzyme products currently available have more than one enzyme activity, whereas fewer products have only one substrate specificity. Enzyme blends are products having more than one enzyme and are either combinations of mono-component enzymes, generated by mixing enzymes targeting defined feed substrate matrixes, or fermentation products from wild-type strains of microorganisms expressing a broad spectrum of enzyme activities. The latter type of product has a combination of useful and nonuseful enzymatic activities side by side. The majority of the currently available enzyme blends target cell wall substrates and a reduction in digesta viscosity. These products have varying concentrations of xylanases, β-glucanases, and cellulases, but also have other enzyme activities, such as amylases, proteases, and lipases. In contrast, mono-component enzyme products, in general, have one organism of origin and are produced by selecting the DNA coding for the enzyme protein, which is then cloned into a host microbial strain. During fermentation, the microorganism with the cloned DNA releases the desired enzyme into the fermentation broth, which is then further purified.
Both the diversity of feed ingredients used in broiler diets and the variability within these ingredients affect nutrient digestibility. Protein digestibility, for instance, is high in typical cornand soybean meal-based broiler feeds but tends to be lower in those containing animal-derived meals. The lower digestibility of these animalderived meals may be due to excessive thermal processing, but also to the type of animal byproducts it contains [1] [2] [3] [4] [5] [6] [7] . Variation in the digestibility of protein and amino acids (AA) also occurs within the same feed ingredient [1, 4, 8] . A wide range of endogenous proteases are synthesized and released in the gastrointestinal tract of the bird, and these are generally considered sufficient to optimize feed protein utilization [9, 10] . However, based on protein digestibility values reported in the literature, it appears that valuable amounts of protein pass through the gastrointestinal tract without being completely digested [8] . This undigested protein presents an opportunity for the addition of specific exogenous proteases.
The interpretation of results from studies conducted with proteases is sometimes difficult because of confounding effects of the presence of more than one enzymatic activity in a single treatment. Inconsistent and variable results are also frequently found because of feed ingredient diversity and types of proteases that are often not clearly defined, as well as because of methodology differences [11] [12] [13] . On the other hand, research done with products with only one protease activity allows for easier interpretation; however, literature on this type of study with chickens is scarce. Ghazi et al. [14] reported positive effects of using a single-component protease, both in vitro and in vivo, when diets were deficient or marginal in AA. In other studies, large differences in bird responses were found between protease sources in terms of true N digestibility, but also on ME [15] . It has been hypothesized that the apparent improvements in the digestibilities of DM and energy found with supplemental proteases may result, in part, from negative feedback leading to a reduction in the endogenous production of proteases [16] .
The objective of these studies was to evaluate the effects of a mono-component commercial serine protease added to broiler feeds at different concentrations on live performance, processing yields, and apparent ileal AA digestibility and apparent energy utilization.
MATERIALS AND METHODS
Two floor pen broiler chicken experiments (experiment) were conducted to evaluate live performance, processing yields, and apparent digestibilities of CP, fat, and energy as well as the AME of diets supplemented with an exogenous protease. The enzyme used was a protease produced by submerged fermentation of Bacillus licheniformis containing transcribed genes from Nocardiopsis prasina. The enzyme activity for this protease is measured in protease units, with 1 unit defined as the amount of enzyme that releases 1 µmol of p-nitroaniline from 1 µM substrate (Suc-Ala-Ala-Pro-Phe-N-succinyl-Ala-Ala-Pro-Phe-p-nitroanilide) per minute at pH 9.0 and 37°C. The branded product consists of 75,000 protease units/g of enzyme [17] . In both studies, lighting was continuous from placement to 14 d, after which a 12L:12D schedule was followed. Birds had free access to mash feed and water.
Amino acid analyses were conducted for all feed ingredients before feed formulation by using HPLC-based methodology [18, 19] disease were obtained from a commercial hatchery [20] . Broilers were placed in 63 pens, 28 in each (1.70 × 1.65 m), with 10 birds/m 2 . Shavings that had previously been used once were used as bedding, and each pen was equipped with 1 tube feeder (15-kg capacity) and 3 nipple drinkers.
Body weight, BW gain (BWG) feed intake (FI), and the feed-to-gain ratio (FE), corrected for the weight of dead birds, were determined weekly on a pen basis until d 40. After the final weighing, 8 birds were randomly marked with a plastic leg band and maintained on the same experimental feeds until processing on the next day. Birds were fasted for 8 h before slaughter, individually weighed, and then electrically stunned, exsanguinated (bled for 3 min after a jugular vein cut), scalded at 60°C, mechanically feather picked, and manually eviscerated. Carcasses were chilled in ice water for 3 h and hung for 3 min to remove excess water, and yield measurements were taken. Abdominal fat removal and carcass cuts were performed by skilled industry personnel to obtain deboned breast meat (pectoralis major + pectoralis minor) and bonein thighs, drumsticks, wings, and cages. Carcass weights were expressed as a proportion of BW, whereas abdominal fat and carcass parts were expressed relative to the whole carcass.
Dietary Treatments. Corn, soybean meal, and meat and bone meal were used as the major ingredients to formulate diets in a 2-phase feeding program (starter from 1 to 21 d and grower from 22 to 40 d; Table 1 ). A positive control diet, formulated at or above the nutrient recommendations proposed by Rostagno et al. [21] , and a negative control diet with CP and ME reduced by 4.4% and digestible lysine and TSAA reduced by 11.8 and 12.2%, respectively, as compared with the positive control diets, were formulated. Five other dietary treatments having the same nutrient profile as the negative control had the protease added at graded concentrations (0, 100, 200, 400, 800, and 1,600 ppm), replacing the inert filler (kaolin). The reductions in CP, ME, digestible lysine, and TSAA were chosen to allow for a measurable response to the protease. Diets were analyzed for CP, Ca, P, AA, and protease [22] .
Statistical Analysis. A complete randomized block design with 7 treatments and 9 replicate pens per treatment was used. Analysis of variance was conducted using the GLM procedure of SAS [23] . When the effects were found to be significant, treatment means were separated using Tukey's honestly significant difference test [24] . Significance was accepted at P ≤ 0.05. Regression analysis was conducted only on negative control diets to determine the effects of the graded concentrations of protease by using the REG procedure of SAS [23] . Carcass and mortality data were arcsine transformed before statistical analysis.
Experiment 2
Husbandry Practices. A total of 1,936 male Cobb 500 male broiler chicks vaccinated for Marek's disease were obtained from a commercial hatchery [25] . Broilers were placed in 88 pens (1.50 × 1.50 m), with 22 birds per pen and 9.8 birds/m 2 . Shavings that had previously been used once were used as bedding, and each pen was equipped with 1 tube feeder (18-kg capacity) and 1 bell drinker.
Live performance measurements (BWG, FI, and FE) were determined at each phase-feeding change as well as at the end of the 42-d trial. At 42 d, 5 birds per pen were randomly sampled from 8 randomly selected pens and killed by cervical dislocation, and the contents of the ileum (from Meckel's diverticulum to the ileocecal junction) were collected. The ileal samples were freeze-dried, ground to pass through a 3-mm sieve, and stored at −18°C until analysis. Ileal contents were analyzed for CP, AA, crude fat, and gross energy [22] , and AME was calculated [26] .
Dietary Treatments. Corn, soybean meal, and meat and bone meal were used as the major ingredients to formulate the feeds (Table 2) . Dietary treatments resulted from a 2 × 2 × 2 factorial arrangement of 2 protein levels (high or low protein) with a 7% difference, 2 energy levels (high or low energy) with a 3% difference, and supplementation or no supplementation with protease at 200 ppm (15,000 protease units/kg of diet), following the manufacturer's recommendations and based on guaranteed enzyme concentrations. The nutrient concentration dif- The protease replaced kaolin. 5 Protease activities in diets without added enzyme were below the detection limits. The concentrations presented are analyzed values for the diets containing protease. Means within a column not sharing a common superscript differ (P < 0.05). 1 Means are based on 9 replicate pens per treatment.
2 Treatments: positive control and negative control. Crude protein and ME were reduced in the negative control by 4.4%, and digestible lysine and TSAA were reduced by 11.8 and 12.2%, respectively, as compared with the positive control diet.
ferences chosen for this experiment were based, in part, on the results from experiment 1 as well as on other work done with this protease [27] . Diets from 36 to 42 d had 1% Celite [28] added on top as a marker. Diets were analyzed for CP, crude fat, AA, gross energy, and protease [22] . Statistical Analysis. Live performance data were submitted to a 3-way ANOVA resulting from a 2 × 2 × 2 factorial arrangement with 11 replications per treatment, using the GLM procedure of SAS [23] . For the digestibility data, there were 8 replications. Mortality data were arcsine transformed before statistical analysis. When the effects were found to be significant, treatment means were separated using Tukey's honestly significant difference test [24] . Significance was accepted at P ≤ 0.05.
RESULTS

Experiment 1: Live Performance and Carcass Yield
In this study, a 2-phase feeding program was used for the purpose of determining whether there was a protease dose-response effect in a starter-and grower-phase feeding program. A positive control diet was formulated with nutrient concentrations that met or exceeded the Brazilian nutrient recommendations [21] . Live performance results are shown in Table 3 . Body weight gain and FE were improved in broilers fed the positive control diets as compared with those fed the negative control diets, irrespective of the addition of protease. Protease supplementation of the negative control diet had no effect on BWG, regardless of protease concentration; however, a quadratic improvement in FE was observed with supplementation of the negative control diets with protease from (Table 4) . Mortality was not affected by treatment (overall mean = 1.8 ± 0.286%).
Experiment 2: Live Performance
Live performance results for experiment 2 are summarized in Table 5 . Birds fed diets with high protein and high energy had improved BWG and FE when compared with those fed diets with low protein and low energy. Broilers fed the high-energy diets had greater BWG from d 1 to 21 and from d 1 to 42 as compared with those fed the low-energy diets. Enzyme supplementation had no effect on BWG, regardless of the energy or protein concentration of the diet. However, adding the protease resulted in improvements in FE regardless of the dietary energy or protein. No 3-way interactions were observed. Mortality during the trial was not af- Means within a column not sharing a common superscript differ significantly (P < 0.05). 1 Means were calculated from 8 birds taken randomly from each of 9 replicate pens per treatment. Carcass and parts are percentage yields of the eviscerated carcass. 2 Treatments: positive control and negative control. Crude protein and ME were reduced in the negative control by 4.4%, and digestible lysine and TSAA were reduced by 11.8 and 12.2%, respectively, as compared with the positive control diet. Means within a column not sharing a common superscript differ (P < 0.05).
1
Means were based on 11 replicate pens per treatment. Treatments: high and low CP and ME (differences of 7 and 3%, respectively), with or without protease at 200 ppm (15,000 protease units/kg).
fected by dietary treatment (overall mean = 2.1 ± 0.378%). Digestibility values for CP and fat, determined at 42 d of age, were higher when broilers were fed the high-protein diet. Protease improved CP and fat digestibilities ( Table 6 ). The determined AME was higher when the high-protein and high-energy diets were fed, but protease had no effect on AME. An interaction occurred between protein and energy in which CP, fat, and energy digestibilities as well as determined AME improved as energy increased in the lowprotein diets, with the reverse effect occurring in the high-protein diets. An interaction between protein and protease was observed in which digestibilities of CP and energy and the determined AME were greater when the protease was added to the high-protein diets as compared with the low-protein diets. An interaction between energy and protease was also associated with a greater increase in energy digestibility and AME when protease was added to the high-energy diets, as compared with the low-energy diets.
DISCUSSION
Currently, the enzyme most commonly used in broiler feeds is phytase. Using a second or Means within a column not sharing a common superscript differ (P < 0.05). 1 Means were based on 5 birds taken randomly from 8 randomly selected replicate pens per treatment. 2 Treatments: high and low CP and ME (differences of 7 and 3%, respectively), with or without protease at 200 ppm (15,000 protease units/kg). third mono-component enzyme, as well as a mixed enzyme product besides phytase, is of interest to broiler integrators because of the possibility of improving digestibilities and the resulting potential savings in feed formulation. Amino acids are costly nutrients that (with the exception of their synthetic forms) originate from dietary proteins. Protein degradation is largely mediated by gastric and pancreatic secretions [29] . Protein digestibility is variable between ingredients used in broiler feeds [1, 8] ; therefore, undigested or incompletely digested protein represents an important opportunity for use of an exogenous protease in broiler feeds.
In both studies presented here, the supplementation of a mono-component protease had no effect on BWG. However, a quadratic beneficial FE response was observed as graded levels of protease were added in the first study. In the second study, an improvement in FE was also observed when the protease was added to the lowprotein or high-protein diets at the commercially recommended dose of 200 ppm. Research on the use of mono-component proteases is scarce, and reported responses have been very enzyme specific. Ghazi et al. [14, 15] reported on the use of different mono-component proteases. In one study [14] , soybean meal was pretreated with 2 mono-component proteases and fed to broilers. One of the enzymes resulted in no change in performance, whereas the other protease had a positive effect on both BWG and FE. In a separate study, Ghazi [15] reported that the use of one mono-component protease resulted in increased BWG and FI, but that FE was either negatively affected or not affected at all, depending on the protease concentration used. Persia et al. [30] , working with turkeys and using a multienzyme complex containing protease, reported no differences in BWG but improvements in FE from 9 to 15 wk of age.
As with any other protease, AA derived from its protein degradation activity are expected to become available for intestinal absorption, depending, in part, on the affinity between the enzyme and substrate. For instance, trypsin, a serine protease released from the pancreas, will preferentially cleave AA bonds that have lysine and arginine. The mono-component protease used in the present studies was also a serine protease; however, its preferable peptide bond cleavage site has not yet been defined. The reductions in CP and AA between the positive control and negative control diets in experiment 1, as well as between the high-protein and low-protein diets in experiment 2, were chosen to provide enough room for any benefit arising when the protease was added.
The improvement in FE observed with the addition of the protease appeared to be mediated through an improved AA availability balance because the protease had no effects on BWG or FI. This better available AA balance would have improved body muscle deposition and thus the conversion of feed to gain. This was further supported by an increased apparent digestibility of CP when the protease was added to the highprotein diets. In addition, the apparent digestibilities of fat and energy and the determined AME were also improved when the protease was added to the high-protein and high-energy diets in experiment. 2. A better digestible AA balance would be expected to result in carcass composition changes, such as greater breast yields or lower abdominal fat pad weights, but no changes were observed in experiment 1, and carcass composition was not measured in experiment 2. The authors could find no published work reporting the effect of mono-component proteases on carcass yields.
In the current research, an improvement of 1.8% in CP digestibility was observed when the protease was added to the high-protein diets, whereas an improvement of only 1% was seen in the low-protein diets. Cowieson and Ravindran [31] reported that the inclusion of a multienzyme complex containing xylanase, protease, and amylase improved N digestibility by 2.5%, which when converted to CP digestibility, represented an improvement of 15.6%. This improvement was accompanied by a 5.5% greater BWG and a 4% improvement in FE in broilers fed corn-soybean meal diets. They formulated the low-nutrient diets to contain 5.2% less ME, with the same protein but lower in lysine (7% reduction) and TSAA (15% reduction) and higher in arginine (3% increase) and threonine (4.5% increase). This differs from the current studies, in which no changes in ME were formulated and protein, lysine, and TSAA were decreased. Gracia et al. [32] reported no effect on any broiler performance measure from 1 to 21 d of age and a 4.2% improvement in N retention when a multienzyme complex containing the same enzymes as those used by Cowieson and Ravindran [31] was used in corn-, soybean meal-, and wheat middlings-based diets. The variability in results from published research with mono-component proteases and multienzyme complexes is evident. This variability is present even when a similar multienzyme complex is used [31, 32] .
CONCLUSIONS AND APPLICATIONS
1. The commercial mono-component protease tested in these studies had a beneficial effect on FE but no effect on other performance measures. 2. The mono-component enzyme improved CP and fat digestibilities, and this effect was more pronounced in the high-protein diets. 3. No effects of the protease on carcass yields were observed.
